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1. ABSTRACT

During the third quarter (Jan. 1 to April 1, 1972) wd;klon the pro-
ject has concentrated on the equation of state for nitrogen. The final equa-
tion for nitrogen has now been determined. The details of this work are
documented in the doctoral dissertation of Richard T. Jacobsen [50].

In the work on the equation of state for nitrogen new coefficients were
determined by Constraining the criticd] point to selected critical point para-
meters. Comparisons of this new equation with all the P-p-T data have been
made, as well as comparisons to all other thermodynamic data reported in the
literature. The extrapolation of the equation of state was studied for vapor
to ‘higher temperatures and lower temperatures, and for the 1ﬁqu1d surface to
the saturated 1iquid and the fusion lines. A new vapor pressure equation was
also determined which was constrained to the same critical temperature, pres-
sure, and slope (dP/dT) as the equation of state.

Work on the equation of state for oxygen included studies for improving
the equation at the critical point. However, a satisfactory equation has not
“as yet been determined which fits the selected parametiers for the critical
point. Comparisons of velocity of sound data for oxygen were also made be-
tween values calculated with the equation of state reported in the January 1,
1972 Progress Report [51] and experimental data.

Functions for the calculation of the derived thermodynamic properties
using the. equation of state are given in this report, together with the deriv-
ative and integral functions for the calculation of the thermodynamic proper-
ties using the equations of state. Summary tables of the thermodynamic prop-
erties of nitrogen and oxygen are also included to serve as a check for those
preparing computer programs using the equations of state.

IT. THERMODYNAMIC PROPERTIES OF NITROGEN

A. Final Equation of State

The final equation of state determined for nitrogen has the same form
as reported in the January 1, 1972 Progress Report [51] on this project. This
equation is given below with the coefficients for nitrogen in Table I.

/



P = oRT + p2(NyT + NoTZ + Ny + No/T + Ng/T2)
+ % (NgT + Ny + Ng/T + Ng/T2)
+ o (NyoT + Nyy + Nyo/T) + p%(Nys)
+ % (NyW/T + le/Tz) + p7(Nye/T)
+ p8(Nyo/T + Nyg/T2) + p%(Nyo/T2?)
+ p?(Nao/T? + Npi/T3) exp (-yp?)
+ p%(Naa/ T2 + Nps/T¥) exp (-yp?)
+ p N/ T2 + Nps/T3) exp (-yp?)
+ 07 (Noo/ T2 + Npy/Th) exp (-yp?)
+ pt (Nge/T? + Npo/T3) exp (-yp?)
+ pP3(N3o/T2 + N3y/ T3 + Nyo/TH) exp (-vp?)
TABLE I
COEFFICIENTS FOR THE EQUATION OF STATE (1) FOR NITROGEN*
Coefficient Numerical Value . f Coefficient Numerical Value
Na 0.136224769272827 % 1072 : N7 -0.11161471719537424 x
N2 0.107032469908591 Nig 0.368796562232495 x
N3 -0.243900721871413 x 10 ? Nisg -0.201317691347729 x
Ny 0.341007449376470 x 1 * " Nzo =0.169717444755949 x
Ng -0.422374309466167 x 10 " Noa ~0.119719240044192 x
Ne 0.105098600246454 x 1073 N22 ~0.975218272038281 x
Ny -0.1125%4825527206 x 10 ™ N2z 0.554633713151323 x
Ng 0.142600785270907 x 10 3 Nay -0.179920450443470
Ng 0.184698501609007 x 10 ° Nos ~0.256582526G77184 x
Nio 0.811140082588776 x 1077 N2s -0.41370777130C0789 x
Nii 0.232011645038006 x 102 N2y -0.256245415302293
- Nio -0.5C7752586350986 : Nog ~0.12422237374350363 X
Nis 0 4£5027881931214 x 107" Npg 0.103556535840165 x
N1y -C.113656764115364 x 1072 Nso -0.538699166558303 x
‘Nis -0.707430273540575 Ns31 -0.757415412839596 x
Nis 0.751706648852680 x 107" Ni32 0.585367172069521 x

Y = 0.0056, R = 0.0820539 liter-atm/mole-K

- *Coefficients are for temperature in degrees Kelvin, pressure in
atmospheres, and cersity in moles/1iter.
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1. Critical Point Parameters

The values of pressdre and temperature at the critical point of nitrogen
were selected as 33.555 atm. and 126.20 K. These values are consistent with
' the critical point measurements of White et al. [52] and to the vapor pressure
formulation discussed in section IIB. (The critical pressure and temperature
reported in [52] are 33.54 % .02 atm. and 125.26 + .04 degreéé Ke1Vin, respec-
tively.) The critical point density was determined as 11.21 moles/liter by the
method of rectilinear diameters using values of density for the saturated lig-
uid and saturated vapor calculated by the simultaneous solution of the vapor
pressure equation and an equation of state each fit to the appropriate data.
The final coefficients of the equation of state were determined by a weighted
least squares fit using the criteria outlined in the January 1 Progress Report
[51], and constrained to the critical point data given above using a procedure
suggested by McCarty [53].

2. Comparisons of the P-p-T Data to the Equation of State

The aécuracy of the equation of state (1) is illustrated in reference
[50] by comparison of the deviations between the experimental P-p-T data for
nitrogen and other thermodynamic property measurements with the equation of
state. The deviations between the equation and the P-p-T data are essentially
the same as the deviations for the equation reported in the January 1, 1972
Progress Report [51] and are not repeated here.

The equation of state generally shows agreement with the P-p-T data
within the experimental uncertainty of the measured values, except in the vic-
inity of the critical point, in the Tow temperature liquid region and in the
high pressure supercritical region, where some systematic deviations are found,
similar to the deviations in these regions illustrated in [51]. Table II lists
the root mean square deviations in pressure and in density for the various -
P-p-T data sets. ‘

3. Comparisons of the Equation of State with Velocity of Sound Data

The velocity of sound measurements reported in the Titerature for nitro-
gen have been compared with values of the velocity of sound calculated with
the equation of state, and the comparisons of data from [44], [46], [47], and
[497 are given in Table III. These data sets have been selected as representa-
tive, and include measured values for the Tow temperature liquid, saturated
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1iquid, saturated vapor, and vapor at high pressures. In general, the velo-
city of sound data for the vapor compare well with values calculated from the
equation of state, whereas the comparisons of data for the liquid show larger
deviations. |

4, Extrapolation of the Equation of State

The P-p-T data for the saturated liquid and the freezing line were ex-

cluded in the determination of the coefficients of the equation of state (1)
for nitrogen as given in Table 1. Extrapolations of the equation of state to
the saturated liquid and the saturated solid lines have been made and are com-
pared with the experimental data available for these conditions in Figure 1.
The P-p-T values calculated tor these comparisons were determined using the
vapor pressure equation (5) given in section I[-B to calculate the pressure
corresponding to the data temperature. . '

~ Extrapolation of the equation of state to the melting curve was made
using the Simon melting curve equation (2) as reported by Grilly and Mills
[39] with appropriate temperature corrections. The Simon equation for nitro-
gen is '

P=a+bTC, | (2)

where a = -1579.08, b = 0.926302, and c¢ = 1.795, with pressures in atmospheres
and temperatures in degrees K. Densities at the melting curve calculated from
the equation of state at pressures determined from the Simon equation for var-
fous temperatures are compared with the measured values of Grilly and Mills
[39] in Figure 2. _
- In addition to the extrapolation of the equation of state in the 1ig-
uid range it is also desirable to extrapolate the vapor data to higher and
Tower temperatures. At both high and low temperatures, the dominant terms

in the equation of state are pRT + p*(N:T + Nng/2 + Ny + No/T + N5/T%). With
equation (1) expanded as a'power'serfes (i.e., a virial equation),ithe second
virial coefficient beccmes, '

B(T) = (N.T + N;TZ + N« # N./T + No/T?)RT, (3

where the Ni are the coefficients from Table I, and T is the temperature in
degrees K. Hence, the dominant terms are the contributions from first and’
second virial terms. ' '
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The contribution for the ideal gas and second virial terms taken from
equation (1) is as follows:

Percent P = (p/P___) x 100 , (4)

eqn
where P is the contribution to the calculated preséure attributed to the sum
of the ideal gas and second virial term [P = pRT + B(T)p?/RT] and Peqn is the
pressure calculated from equation (1) at the specified temperature T, and -
density p. Figures 3 and 4 illustrate Percent P as the contribution of these
terms. Figure 5 is a similar comparison showing the percentage contribution
of the ideal gas term alone for the low temperature vapor. The contribution
here is determined from equation (4) with P = pRT.

Examination of Figures 3, 4, and 5 indicates that the extrapolation of
the equation of state for the vapor at high and low temperatures is reason-
able and for the higher temperature is limited by the accuracy of the second
virial coefficient as predicted by equation (3). Figure 6 is a comparison of
values from equation (3) with the experimental virial coefficients from the
references cited. The accuracy of the second virial coefficient from equation
(1), as illustrated in Figure 6, indicates that the extrapolation of the equa-
tion of state from 1000 K to 2000 K for pressures to 300 atmospheres is rea-
sonable. Figure 5 indicates that equation (1) may also be extrapolated to
lower temperatures for the gas to the saturated vapor Tine.
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TABLE I

ROOT MEAN SQUARE DEVIATIONS IN DENSITY
AND PRESSURE CF P-p-T DATA FROM
THE EQUATION OF STATE

, : RMS Deviation RMS Deviation
Source in Density , in Pressure
'  (percent) (percent)
Data used in the Determination of the Equation of State
Canfield [8] 0.14 0.22
Cockett et al. [30] ™ 0.25 7.12
Crain [9] . 0.08 0.11
Friedman [10] 0.24 0.14
Golubev and Dobrovolskii [32] * 0.35 5.52
Gibbons [31]% - 0.16 7.90
Holborn and Otto [14] 0.07 0.07
Michels et al. [19] 0.02 - 0.02
Michels et al. [20] . 0.05 0.15
Otto et al. [22] 0.0] 0.01
Robertson and Babb [23] 0.08 0.22
Saurel [24] 0.07 0.09
Weber [36]* 0.30 0.84
Data not used in the Determination of the Equation of State
Amagat [1] 0.17 0.21
Amagat [2] 0.14 0.40
Bartlett et al. [4] 0.32 0.48
Bartlett et al. [5] 0.15 0.42
Benedict [6] 0.31 3.29
Benedict [7] 0.24 1.34
Hall and Canfield [11] 0.42 0.36
Heuse and Otto [12] 0.0] 0.01
Holborn and Otto [13] 0.08 0.08
Holborn and Otto [15] 0.42 0.33
Malbrunot [18] 0.46 0.89
Malbrunot and Vodar [17] 0.40 0.83
‘Miller et al. [21] 0.26 0.30
Kamerlingh Onnes and van Urk [16] 0.20 0.14
Streett and Staveley [33]* 0.31 . 28.90
Tsiklis [28] 0.47 1.81
Tsiklis and Polyakov [27] 0.29 1.08
Van Itterbeek and Verbeke [34], [35]* 0.37 19.63
Verschoyle [29] 0.13 0.14

*Data for the 1iquid phase.



TABLE 1II

COMPARISONS OF SELECTED MEASURED VALUES OF SGNIC VELOCITY FOR NITROGEN TO CALCULATED VALUES

. Wy, = W } W -
Pressure Temperature Vjéi?r;;mg?tglund _d_a_ta____cgjg_ x 100{ {Pressure Temperature ve%g?gmg?tg;und -—dih.i.d " cale
(2tm) {x) (meters/sec) ! _%;gicent) (atm) : (k) (meters/sec) . (;;i:

Low Temperature Liguid Data of {a4] gg&} ;/5(2) 2§§ ’ —11312
.85 . : -11.4
§2.3 113.6 589 0.22 i.26 79.3 8%1 ' - 8._‘
68.3 .109.2 ’ €617 2.02 1.29 . 79.6 829 - 8.
1064.7 113.4 634 2.3 1.38 80.3 822 - 8.
187 113.6 631 1.95 5 :
. . 1.81 g2.7 786 - 6.
42.2 104.8 614 0.66 1es a5 5 oo T
43,6 . 105.0 616 1.00 2.25 £84.9 77? - 5,
57.1 105.9 629 1.23 2.66 86.7 755 - 4.
25.8 110.2 646 . 1.81 2.70 86.9 753 - 4.
125.8 113.8 659 . 1.82 o .
. - . M 2.82 387.4 748 - 4.
104.7 109.5 666 ‘ . 1.84 3.05 88.2 736 4
8.5 0.6 ) 725 - 2.38, 3.96 91.3 705 ~ 3.
8.5 80.6 726 - 2.2t 4.61 93.1 685 - 2.
5.9 85.5 819 - - 2.8% 6.39 97.4 636 - 1.
865.0 87.6 836 - 1.17 B
135.9 .91.0 : 850 016 r.e o 4% =k
38.¢ 84.3 . 822 - 3.72 9.86 103.7 £59 - 1.
84.3 87.7 834" - 1.2 13.4- 108.7 483 - 1.
134.3 90.6 . 853 0.30 . 14.7 110.2 472 - 1.
8.2 81.0 82 ¢~ 6.76 5 ,
. . . 17.1 112.5 634 - 2.
1.6 77.6 851 ~ 9.89 191 115.0 403 -3l
8.1 75.3 883, -10.87 1.4 117.1 369 -4,
52.0 71.8 897 - 6.64 23.9 119.3 328 += 6.
j16.8 81.0 S17 - 2.39 241 118.4 327 : - 6.
61.5 77.6 : 502 - 6.30 . 0.2 313 -6
121.9 20.9 . 920 - - 2.47 22 10 o Yy
1.7 73.6 896 -12.62 28.0 122.4 255 -10.
112.6 75.0 959 - 5.97 20.6 124.3 2_40 -14--
111.5 75.0 &59 - 5.93 30.7 124._3 219 ' ~14.7
i20.0 73.8 975 - 6.35 31.9 1251 191 20,
2.4 125.5 183 -19.
Saturated Liquid Data of [46] _ 3 .
018 65.4 053 717 Saturated Vapor Data of [47):
0.22 §6.4 959 -26.8) :
0.25 6.1 842 ~21.37 1.4 1.2 u 9.38
G.38 70.0 924 : -18.21 ]'07 78.0 176 G.39
1.9 905 : -15.64 : ’ b tv7
0.50 7. j 050 71.9 17 0.45




TABLE I1I--continued

S W, = - W, - W
. . Experimental data calc Experimental Tdate  Tcalc . qpp
Pr%z.;:‘r)'e Temp%rl;a)tur‘ Velocity of Sound Waata x 160 Pr%:i::;e Tempfz;&;ture Velocity of Sound Wyata
(meters/sec‘) (percent) (meters/sec) (percent)
High Pressure Data of [49 600 423.17 £58 . 0.86
5 [ee] 1000 423.17 810 : 0.43
600 293.14 - 635 - 0.90 1500 42317 972 ’ 0.41
1000 . 208.14 244 - 0.36 2200 . 42317 1107 - 4.2
1500 293.14 1030 © 0.3 2500 423.17 1223 0.15
2000 285.14 1170 -~ 0.03 30 423.1 1330 0.39
2509 293.14 1296 0.33 B0 Rl , 1220 , 0.16
3000 298.14 1398 0.23 4000 423.17 1480 o= na
3250 293.14 1445 6.23 : 200 ¢63.18 500 0.92
3500 292.14 1500 0.94 600 443.18 660 0.€3
3150 293.14 1545 1.1 .1 1000 445.18 810 0.69
620 323.14 650 - 0.59 2200 468,18 1098 - 4.23
1000 323.14 830 - 0.3 2500 448.18 1216 0.29
1560 323.14 : w00, 0.08 3000 458,18 1325 0.72
2000 223.14 1160 0.69 ; 1
2 3500 448.18 1410 : 0.13
2500 32306 ‘ 1289 0.59 4000 438.18 : 1435 - 4.00°
3000 323.14 1380 0.23
3500 323.14 1480 0.75
€00 348.14 655 0.73
1000 348.14 . 825 0.26
1500 343.14 1000 0.46
2000 348,14 e 1140 0.30 -
2500 348.14 1262 0.42
3060 348.14 1370 0.64
35C0 348,34 1463 0.63
200 373.35 462 0.02
600 : 373.15 648 - 0.19
1600 373.15 . 820 0.57
1500 373.15 985 0.08
2200 373.15 1130 - 3.50
2500 373.3 1248 0.40
3020 373.15 1354 1 0.48
3500 373.15 1442 0.12 -
209 358.16 476 0.55
600 393.16 654 0.60
1000 338.16 . 818 . 0.98
1560 392.16 . 973 0.29
2200 392.16 1115 . -4.20
2500 398.16 1232 0.05
3660 392.16 13 0.19
200 423.17 486 0.30

L
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B. Vapor Pressure Equation

A new vapor pressure equation has been determined for nitrogen as
follows:

(P = Ny/T + Ny + NoT + Ny(T_ = T)?+9% + NT® + NeT"
+ N,T® + NgT® + Ng 1n(T) ) . A (5)

where T = 126.20 K (the critical point temperature), T is the saturation
temperature in degrees K, and P the vapor pressure in atmospheres. The coef-
ficients for the equation for temperature are given in Table IV.

A comparison of the vapor pressure equation (5) with the selected data
used to determine the coefficients is given in Figure 7. This equation has
been constrained to the critical point temperature of 126.20 K, the critical
pressure of 33.555 atm., and the slope dP/dT of 1.6569 atm/K, which is equal
to the value of (BP/BT)p at the critical point from the equation of state (1).

C. Conclusions and Recommendations on Studies of the Equation
of State for Nitrogen

The results of this study are summarized below:

1. The equation of state (1) developed in this work represents the exper-
jmental P-p-T data in the Tiquid and vapor phases for pressures from 0 to
10,000 atmospheres and for temperatures of 65 K to 1073 K. The equation may
be extrapolated to 2000 K at pressures below 300 atmospheres with an accuracy
of at Teast £ 1 percent. The equation may also be extrapolated to lower temp-
eratures for the vapor with an accuracy of at least * 2 percent down to 20 K
at very low pressures. It is estimated that the accuracy of the equation of
state is within 0.5 percent in the liquid region, except in the vicinity of
the critical point. At temperatures above the critical temperature for pres-
sures up to 1000 atmospheres, the accuracy is generally within 0.7 percent
except in the region near the critical point between temperatures of 126.2 K
and 150 K and at pressures between 30 and 150 atmospheres where the density

~ deviations from experimental data are as large as 0.7 percent. In the range
from 1000 to 10,000 atmospheres the accuracy is estimated to be within 0.3
percent of the data used in the formulation, but deviations in density as
large as 12 percent are evident in comparisons to other data in this range.



[T.data - Teqn (5)] .(K)

TABLE IV
COEFFICIENTS FOR NITROGEN VAPOR PRESSURE EQUATION (5}

Coefficient Humerical Value Coefficient Humerical Value
Ny 0.8394409444 x 10 * Ne -0.5944544662 x 107°
N -0.1890045259 x 10 * N, 0.2715433932 x 107
N3 -0.7282229165 x 10 1 Ng -0.4879535904 x 10‘i°
N, 0.10228509¢6 x 102 N, 0.5095360824 x 10 °?
Ns 0.5556063825 x 1072

*Coefficients are for temperature in degrees Kelvin, and pressure in

atwmospheres.
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Figure 7.--Deviations of Hitrogen Vapor Pressurc Equation (5} from Selected Vapor

Pressure Data. )
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2, The vapor pressure equation (5) represents the selected data used in
the formulation of the equation generally within an accuracy of 0.01 K be-
tween the triple point and the c¢ritical point.

3. Values of the heat capacity, enthalpy, and latent heats of vaporiza-
tion are presented in reference [1] with comparisons to available measured
calorimetric data. Although the paucity of these measurements make it diffi-
cult to define the accuracy of the equation of state (1) for the calculation
of heat capacity values, these comparisons further indicate that the behav-
ior of the isobaric calculated values is thermodynamically correct.

Suggestions for further research are presented below:

1. The work reported here is essentially complete within the limits im-
posed by the availability of experimental data to describe the thermodynamic
properties of nitrogen. However, the lack of agreement of the various P-p-T
data in the liquid region suggests the need for further measurement of the
properties of the liquid.

2. The use of a single equation of state for the P-p-T surface appears

to be accompanied by fitting problems near the critical point which propa-
gate to témperatures above the critical value. It is suggested that new meth-
ods of accomodating the requirements of the P-p-T surface in this region for
the least squares determination of the equation of state be explored.

3. A detailed study of the sonic velocity data should be made to complete
the analysis of this data and to identfy the cause of the large deviations
of calculated velocity of sound vatues from experimental measurements in the
Tiquid region.

4, The consistency of the vapor pressure equation, melting equation, and
“equation of state in the region of the triple point should be investigated.

5. The simultaneous fitting procedures developed in this work are applic-
able to other fluids for which the appropriate data are available.
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I1I. THERMODYNAMIC PROPERTIES OF OXYGEN

Interim Equation of State

The equation of state presented in the Jan. 1, 1972 Progress Report
[51] has not been superseded, to date. The equation of state for oxygen

from [5T] is the same as (1). The coefficients presented in [51] for oxy-
gen are reprinted in Table V for convenience. (The multiplier for N,. as re-
ported in [51] as "10'" was incorrect. The multiplier should have been
"10-'", as given in Table V.) Studies for improving the fit of the equation
of state (1) for oxygen at the critical point have not, as yet, resulted in
an improved equation.

During the third quarter comparisons of velocity of sound data for
oxygen with values calculated from the equation of state (1) with the coef-
ficients from Table V have been completed. The comparisons of data from
[457, [46], [47], and [48] are given in Table VI. These data sets have been
selected as representative and include measured values for the Tiquid at
- moderate and high pressures, and the saturated liquid and saturated vapor.

These comparisons indicate that the equation is sufficiently accurate
for obtaining good values of the velocity of sound for the liquid at moder-
ate pressures and for the saturated 1iquid and the saturated vapor. However,
the comparisons to measured velocity of sound values at high pressures for
the Tiquid indicate a deviation between the calculated and measured values
which is probably greater than the uncertainty of the measured values. This
is to be expected since the P-p-T values and the CV data used in the deter-
mination of the coefficients of the equation of state were for pressures be-
Tow 350 atmospheres. Very few measurements of velocity of sound fdr oxygen
in the vapor phase are available from the literature.



Coefficients

Table V

for the Equation of State (1) for Oxygen™.

16

Ny = -0.170887398436657 x 1072 Ny, = -0.480347612728966 x 1078
N, = 0.233008642369091 Nya = 0.698141409980872 x 107"
N; = -0.433993811662375 x 10 ! N1y = -0.851009706892387 x 10°¢
Ny = 0.177172970652312 x 10 ° Noo = 0.171174677742300 x 10 *
Ns = -0.120035790297848 x 10 i Np; = -0.337130293024023 x 10 2
Ne = 0.768602601713339 x 107 Npo = ~0.12082498712823% x 10
N, = -0.838050060230444 x 1072 Nps = 0.748250739682284 x 10 °
Ne = -0.112945718198605 x 10 2 N2y = -0.104770899761072 x 10~}
Ng = 0.249933236222486 x 10 * Nas = 0.145048005360464 x 10 !
e R e <
Nip = .412792 A - 27 = -U.
Ny, = 0.385058781582990 x 1072 Nag = 0.413896845058343 x 1078
N1z = ~0.286274514156647 x 107" Nz2s = 0.879581917933464 x 10~
Niy = -0.656972420621184 x TO’: N3o = -0.947485588746460 x 107 °
Nis = ~0.868270744076546 x 10~ N3, = -0.251031994074357 x 10~°
Nig = 0.248888126044600 x 107° N3, = -0.535541160709992 x 1077
y = 0.0056 = 0.,0820535 liter-atm/mol-K

*Coefficients are for temperatures in degrees Kelvin, pressures 1n
atmospheres, and density in mo1cs/11tcr



TABLE VI

COMPARISONS OF SELECTED MEASURED VALUES OF SONIC VELGCITY FOR OXYGEN 7O CALCULATED VALUES

L W - W
5 Experimental data calc
rrczzit;r;e ‘ Temperature Velocity of Sound Ndata %x 100
' {meters/isec) (percent)
High Pressure Liquid Data of [48]

913 67.5 1331 7.58
858 67.5 1317 7.30
753 67.5 1297 - €.84
654 67.5 1274 6.28
553 67.5 1249 5.61
450 67.5 1223 4.82
35) 67.5 1197 3.9
250 67.5 1168 2.7
150 §7.5 1138 1.50
53 67.5 1106 -0.13
$i6 73.4 1364 6.43
848 73.4 1289 6.20
782 73.4 1267 5.78
651 73.4 1242 5.27
551 73.4 1217 4.78
457 73.4 1190 4.12
353 73.4 1160 3.26
253 73.4 13 2.44
152 73.4 1098 1.40
51 73.4 1063 0.16
940 77.7 1289 5.94
849 77.7 - 1269 5.67
755 71.7 1246 5.25
€48 77.7 1220 4.82
532 77.7 1195 4.38
451 77.7 1167 3.81
355 77.7 1137 3.09
251 77.7 1104 2.27
152 77.7 1068 1.20
49 7.7 1029 0.04
821 23.8 1257 5.42
£51 83.8 - 1241 5.23
756 £3.8 1217 4.84
652 83.8 1190 4.40
523 83.8 1161 3.7

. W, - W
Pressure Temperature Ve%g?;;mg?tglund _q_a%‘c_eﬂ_g x 100
7 t
(atm) (k) {meters/sec) ?ge?_cent)
454 83.8 1131 3.23
349 83.8 1093 2.59
253 33.8 1064 1.e3
153 83.8 1027 1.06
59 83.8 957 0.20
930 90.4 1229 5.18
871 90.4 1218 4,93
754 90.4 1184 . 4,47
653 20.4 1156 4,04
555 90.4 1126 3.47
454 90.4 1084 2.89
351 . ¢0.4 1059 2.26
251 0.4 1021 1.56
154 g0.4 930 .77
65 Q0.4 940 0.14
Mederate Pressure Liquid Data of [45]
6.3 77.3 1010 -0.55
12.5 77.3 1013 -0.85
15.8 77.3 1014 -0.89
19.7 77.3 1018 -0.34
23.9 77.3 1019 -0.50
27.8 77.3 1022 -0.37
31.5 77.3 1022 -0.44
34.7 77.3 1023 -0.40"
45.4 77.3 1028 -0.23
53.2 77.3 1032 -0.05
55.1 77.3 1032 -0.03
59.8 77.3 1035 0.07
62.2 77.3 1036 0.14
64.0 77.3 1027 0.13
70.1 77.3 1039 0.22
714 77.3 1040 0.25
3.8 90.3 905 -0.79
10.2 90.3 908 -0.75%
5.6 90.3 Q12 -0.57
18.8 90.3 913 -0.64
23.6 90.3 N7 -0.48
29.4 80.3 220 -0.41
36.5 80.3 923 -0.47
38.3 90.3 926 -0.25
45.5 90.3 929 ~0.26

L1



TABLE VI--contiaued

s W - W
) ne Experimental data cale
Prc(:;;:;e Tem,zgiture Velocity of Sound Wiata x 100
{meters/sec) (percent)
42.6 90.2 930 -0.26
55.2 80.3 925 -0.03
53.3 90.3 938 0.13
61.9 90.3 939 0.16
66.2 90.3 %40 -0.02
63.3 90.3 942 0.18
71.2 90.3 945 0.29
Saturated Liquid Data of [46]
Q.0095 61.1 1134 -2.50
0.0097 61.2 1133 -2.60
0.015 63.1 i119 -2,10
-0.02 65.0 1105 -1.40
0.0¢ £€9.8 1668 -1.10
0.08 71.5 1055 -1.00
0.12 7411 1035 -0.90
0.17 78.1 1019 -0.89
c.22 77.8 1005 -0.86
0.23 76.1 1063 -0.82
0.33 80.8 ag2 -0.83
.4 83.7 959 -0.80
0.59 86.8 934 -0.76
0.95 89.7 910 -0.72
1.30 §2.6 886 -0.67
1.83 96.0 859 -0.50
2.20 98.7 834 -0.56
3.00 102.2 805 -0.490
3.60 105.3 777 -0.50
4.50 107.6 756 -0.44
5.50 110.5 730 -0.35
6.90 113.7- 70 -0.24
8.30 16,7 672 -0.27
5.50 117.9 660 -0.13
°.80 119.6 645 0.14
11.60 122.4 617 0.22
13.7¢ 125.6 586 0.40
16.20 128.7 552 0.52
18.20 131.9 517 0.39
21.80 134,9 484 0.50

. W - W ,
oo - . Experimantal data cale
Pr?i;;e xempe;ature Velocity of Sound ————«-—————-.ﬂ.data x 100
< (meters/sec) (percent)
25.00 137.8 449 0.46
28.40 140.7 413 0.38
32.20 143.7 374 0.03
36.70 145.8 330 -0.20
42.40 150.5 266 -3.65
44,40 151.6 247 -3.96
46.00 152.5 229 -5.05
47.40 153.3 212 -6.15
48.40 183.9 198 ] -8.30
Saturated Vapor Data of [47]
1.0 0.3 178 0.06
0.67 86.5 174 -0.70
0.43 82.8 171 -0.20
0.24 78.4 167 -0.51

8l
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IV. IDEAL GAS HEAT CAPACITY
An equation for the ideal gas heat capacity, Cg, from [50] is,

cg/R 1/T3+N2/T7+N/T+N+NT+NT2 N,T?
o+ NeuZeU/(eU - 1)2 | (6)

where T is the temperature and u = Ng/T.

The coefficients for equation (6) with values of T in degrees Kelvin for
nitrogen and oxygen are given in Tables VII and VIII, respectively. These
coefficients were determined by a least squares fit of the data from [54].

TABLE VII
COEFFICIENTS FOR THE IDEAL HEAT CAPACITY EQUATION (6) FOR NITROGEN

Coefficient Numerical Value Coefficient Numerical Value
Ny -0.7352104012 x 10 1 Ng 0.1746508498 x 10'7
No 0.3422399804 x 10 2 N, -0.3568920335 x 10~}
Njg ~-0.5576482846 . Ng 0.1005387228 x 10 !
Ny 0.3504042283 x 10 * Ng 3353.4061
Ns -0.1733901851 x 107"
TABLE VIII

COEFFICIENTS FOR THE IDEAL HEAT CAPACITY EQUATION (6) FOR OXYGEN

o -

Coefficient Numerical Value Coefficient Numerical Value
Ny -0.186442361 x 10 3 Neg ~-0.111035799 x 10°7
N, 0.207840241 x 10 2 No 0.208612876 x 107%°
N -0.342642911 Neg 0.7101894691 x 10 !
Ny 0.350297163 x 10 ‘! Ng 2239.18105
Ng 0.205866482 x 107°¢

A comparison between the values of C°/R for nitrogen from [54] and val-
ues calculated from equation (6) with coefficients from Table VII indicated
‘exact agreement to the five significant figures, given in [54], except above
1200 K. From 1200 K to 2000 K the difference between the values from equation
(6) and from [54] is no more than = 0.0001. The equation for nitrogen is appli- |
cable for temperatures from 50 to 2000 K. The values of c®/R for oxygen calcu~
lated from equation (6) with coefficients from Table VIII exhibit a maximum
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deviation from the values reported in [54] of + 0.0002 from 30 to 600 K, the
range of applicabitity of the equation for oxygen.

For the calculation of thermodynamic properties described in section
V of this report, the rgfewente entropy, S$o’ and.reference enthalpy, H%o’ (
for oxygen and nitrogen for the ideal gas at TO = 298.15 K and PO = 1 atmos-
- phere are given in Table IX. The values of H%O are taken from the values of
(H - H2) in [85] with HO = 0.0. |

TABLE IX

IDEAL GAS REFERENCE STATES FOR THERMODYNAMIC
PROPERTY CALCULATIONS FROM [55]

(TO = 298.15 K, P, = 1 atm.)

0 o
S H
T | T,
(joules/mole-K) (joules/motle)
Nitrogen 191.502 = 0.025 : 8669 1 3
Oxygen . ©205.037 & 0.033 ' 8682 + 4
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V. CALCULATION OF THERMODYNAMIC PROPERTIES USING THE EQUATION OF STATE (1)

Derived Thermodynamic Properties

The values of density, enthalpy, entropy, Cy, Cp, and velocity of
sound at various pressures and temperatures are calculated from the equation
of state (1), and the ideal gas heat capacity equation (6). The vapor pres-
sure equation, (5), and the Simon melting curve equation, (2), were used to
jdentify the temperature of the phase changes from vapor to liquid, and lig-
uid to solid, respectively, for each isobar. The integral representations
for the properties are continuously integrated through the two-phase region
to calculate properties in the liquid range. This is made possible by the
fitting procedures employed in the development of the equation of state as
described in [51] in which the conditions for two-phase equilibrium were in-
cluded in the least squares determination of the coefficients for the equa-
tion of state (1). The thermodynamic formulations for the calculation of
the thermodynamic property tables of section VI were taken from [57]. These
relations are summarized in the following paragraphs. Functions for the
integrals and derivatives of the equation of state required to perform these
calculations are given in V-B. '

The entropy of any thermodynamic state was calculated from

)
S(T,p) = 89+ f (c%/T)dT - RIn(RTp)
0 T0 P
P ) d
; fo [R/p - (1/%)(3P/aT) ]y do. (7)

The functions for evaluation of the integrals (CS/T)dT and |[(R/p)
- (1/p2)(aP/aT)p]T are given in V-B. The functions for the isochore deriva-
tive‘(aP/aT)p of the equation of state are included in V-B.

The enthalpy of any state may be calculated from

p ) .
L(P/Te%) - (1/p7)(2P/5T) [l dp

H(T,p) =K+ T |
0 0

.
+ (P~ oRT)/p + [ O aT. (8)
I
0



22

However, it is convenient to replace the first integral term in (8) as follows:

P
T jo [(P/T0%) = (/6 (0P/OT) Iy o

2N

7 1w 1/02) 3P/
Io [(R/p) - (1/p )(aP/aT)p]T do

+

[ teeret) - twred dp. (9
0] .

By substitution of the identity of (9) in equation (8), the expression for
enthalpy is given as

H(Ts0) = K+ 7 [ L(R/0) = (1/6%)(3P/3T), 1y do
0 o}

+ [p [(P/p?) - (RT/p)]; dp + (P - oRT)/p

0
o (10)
JT p )
. |

The evaluations of the integrals and isochore derivative are given in V-B.
The internal energy of a fluid state may be calculated from '

U(T.p) = H(T,p) - P/p. (11)

The specific heat at constant volume, C,, of liquid and gas phase points was '
calculated using the relation '

e (Tap) = (€0 = R) = [ (T/0%) [32P/3T2) ] dp | (12)
p o o

where ¢° at temperature, T, is calculated from equation (6). The specific
heat at constant pressure, Cp, is given by '

Co(Tsp) = C,(T.0) + [(T/pz)(SP/BT);/(BP/SQ)TJ. (13)

It is notable that the calculation of properties from the equation developed
in this work is considerably simplified from the prior methods of [56] and
[57] by. the continuous integration along isotherms through the two phase re-
gion due to the imposing of the requirements for phase equi1ibrium'in-the
determination of the equation of state. ’

Sample tables of thermodynamic properties of nitrogen and oxygen are
presented in Section VI.



The Equation of State
]

Equation (1) may be written in the form:

32. .
P e pRT + L N.X, : : (14)
j=1 V1

vihere the Ni are listed in Table I or V and the Xi are as follows:

Xy = 2T Xia= o7 Xz3= p% F/TY
Yz = pT% Xy3= p* Xau= p? F/T2
X3 = p? Xiu= 0T Xzs= p7 F/T?
%o = p2/T Xis= p*/T? X2e= p? F/T?
Xs = p¥/T? Yie= p7/7 Xz29= p* F/T*
X¢ = p°T Xy7= p%/T X2e= p''F/T?
X7 = p? X1e= pb/T? Xas= p'1E/T?
ke = p¥/T Xis= p?/T? Xso= p'3F/T?
%o = p7/T? Xzo= p'F/T? . %31= p}PF/TS
Xio= p'T Xa1= p*F/T? Xaz= pP*F/TS
Xi1= p* X22= p°F/T?

F = exp({-0.0056 p?)

The lsotherm Derivative

The isotherm derivative of the equation of state (1) may be repre-

sented as:
3
(3P/3p); = RT + I N.X, (15)

where the Ni are given in Table I orvv and the Xi are as follows:

X3 = 20T Xiz2= 4p3/T ' Xz3= Fap/T"
¥z = 2pTLi Xy3= 5p" Kou= Fa3/T?
Y3 = 2p Xiu= 6p®/7 . Xps= Fa3/T?
Xo = 20/T Xys= 6p5/T2 X26= F2u/T?
Xs = 2p/T? Xye= 70%/7 Xa7= Fou/T"
Xe = 3p2T Xig= 87/T Xag= Fas/T?
X7 = 3p? © Xyo= 87/ X257 Fag/T?
X = 3pY/T X19= 90°%/T2 X302 Fae/T?
Xe = 3p¥/T* Xao= F20/T2 ) X312 Fae/T?
Xi0% 4p°T _ ' Xzy= Fou /T3 X32= Fae/T¢
X1y= 4p? X225 Fp2/T?

F = exp(~0.0056 p?)
Fy = 2Fp(-0.0056)
Fay= 3Fp? + Fyp?
Fap= LFp* + Fyps
Faa= 7FpS + Fyp?
Fau= 9Fp® + Fp
Fags 11Fp!% + Fypi!
Faem 13FpH% + Fipt?



The [sochore Derivative

The isochore derivative of the equation of state (1) may be written as:

(aP/aT)p

where the N, are given in Table I or

X = 02

Xa = p/(2T%)
X; = 0.0

Xy = 'PZ/TZ
X5 = =20%T%
X = p?

X7 = 0.0

Xo = ~p*/T?
Xs = -2p*/T?
Xyo= ﬁ~

x;x“ 0.0

F

The Evaluation of Inteqrals

R+ I .N.X
= R+ T .N.X.~
jep

Xy27 'D“/Tz
X13= 0.0

Xiu= '96/T2
Xys= ~2p%/T3
X165 =p7 /T2
Xy7= ~p%/T?
Xye= ~2p%/7°
Xio= ~20°/T?
X302 =20°F/T?
X232 =<3p°F/T"
Xz2= -2p°F/T?

= exp(-0.0056 p?)

¥ and the X1 are as follows:

(16)

X23= <Bp3F/TS
X24= -2p7F/T?
Xzs= =3pF/T"
Xz26° -ZDQF/T3
X2p= =4p%F/T%
Xze= ~2p*'F/T?
X2g® ~3pl1F/T“
Kio= =200 %F/T?
X311 =3pF/T
Yaa= ~4pP3F/TE

The integral, I[R/p - (1/p2)(6P/aT)pJT dp may be wr.lich es:

32
& ONY

=1

(17)

where the Ni are Tisted in TableI or V and the Y, are listed telow:

Yy = -p

Y2 = -p/ (27%)
Y; = 0.0

Yy = P/Tz

Y = 2p/T°
Yo = -p?/2
Yo = 0.0

Yo = p?/{2T%)
Yo = 92/73
Yiem ~0%/3
Y= 0.0

Yi2= p*/{37%)
Y13= 0.0

Yiv= p%/(572)
Yis= 20%/(573)
Yie= p/(672)
Yi= p7/{77%)
Yie= 2p7/(7T%)
Y. p®/(4T%)
Yao= 26:/T?
Yoi= 36:/T%
Yoa= 2G2/T°

_where the G, and F are listed in Table X.

Y23= 4Gz/T5
Yau= ZGg/Tz

- Yas= 364/T"

Y26= 2Gu/T3
Ya7= 4G /T*
Yae= 2G;/T3
Ya9= 3Gs/T*
Yio= 2G¢/T3
Yi1® 3Ge/TY
Y22 6G4/T*

24
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The inﬁcgra] I[(P/pz) - (RT/p):}T dp may be written as:

3 (18)
o Y ~

where the N,i are listed in Table I or V and the Yi are listed below:

Y = pT Y;2= p3/(3T) Yz3= Go/T*
Yo = 077 Yie 0%/ Yau= 63/T2
Ys=p ' Y= 0%/ (5T) Yas= 65/T°
Yo = /T Yis= p®/(577%) Y2e= Gu/T?
Ys = p/T? Yie= p®/(6T) _ Y205 G /T
Yo = p2T/2 Yya= p7/(7T) » Yze= Gs/T?
Yy = p?/2 Yio= p7/(7T%) Y2e= Go/T?
Yo = p?/{27) Yis= p%/(87%) Yio= Gg/T?
Yo = p2/{2T%} . Yao= G/7? Y312 Go/7?
Y= p°T/3 Ya,5 6y/T° Yi2= Go/T®
Y11= p*/3 Yz21 Go/T?

where the Gi and F are listed in Téb]e X.

' The integral, ][(T/p’)(a’P/aTz)p]T dp may be written as:

32‘
i N ' (19}

where the Ni are Yisted in Table I or V and the Y are listed below:

Y, = 0.0 Yiz2= (2p°)/(377) Yz3= 2062/T°
Y, = o/ (4T%) Y132 0.0 Y247 665/7°

Y, = 0.0 _ Yiu= (20°)/(572) Y257 12G,/T"
Yy = 2p/T? Yis= (60°)/(57%) Yoe= €6./T°

Ys = 6p/T° Yie= p%/(37%) Y205 206./T°
Yo = 0.0 Yaz= (207)/(772) T Yae= 665/T°

Y; = 0.0 Yie= (607)/(77%) Y29= 12G/T*
Yg = p?/T2 Yis= (3p%)/(4T%) ‘ Yio= 6G4/T3

Yy = 3p%/T? _ Ya0= 66,/T? Y312 1264/T*
Yio= 0.0 . Y= 126,/TY Yy2m 20G¢/T5
Y112 0.0 Yz2% 6G,/T?

where the Gy and F are listed in Table X..

TABLE X

FUNCTIONS FOR DERIVATIVES OF THE
) EQUATICON OF STATE

. F = exp(-0.0056p2)

G, = F/[2(-0.0056)]

Gz = (Fp? - 26:)/[2(-0.0056)]
65 = {Fp" - 46,)/[2(-0.0058)]
Gy = (Fp® = 6G5)/{2(-0.0056)
Gs = (Fp® - 86,)/[2{-0.0055)]
Ge = (Fp'®- 1065)/{2(-0.0056)]

25
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The ﬁntegraT jcg dT may be written as:

N, (20)
=1
where the N, are listed in Table VII or VIII and the Y, are given below:
Yy = -1/(2T2) Ys = T2/2
Y, = ~1/T Ye = T3/3
Ys = In(T) ' Yy = T4/4
Yo =T Yo = UT/[exp(U)-1]
U = No/T (Ng from Table VII or VIII)
The integral J(CS/T) dT may be written as:
? 21)
iE] NS, (21)

where the N, are

Y, =
Y, =
Y; =
Yy =

fisted in Table VII or VIII and the Yi are given helow:

-1/(37%) s =T
-1/(2T2) | Yo = T2/2
-1/T Y, = T3
n(T) Y = U/(EU-T)-1n[1-(1/EU)] -

U = No/T (Ng from Table VII or VIII)
EU = exp (U)



VI.

I for the calculation of thermodynamic properties.]

THERHODYHNAMIC PROPERTIES

[T in degrees K, P in atm., p in mol/liter, h in J/wol, s in J/ {mol K}, C, in J/ {moY K), Cp in J/(mol K), Vel

0F

HNITROGEN

SUMMARY TABLES [These tables are included as a check for those
computer programs using the equation of state (1) with coefficients

preparing

from Table

. Sound in M/sec]

Vel. Vei.
T e h s Cv Cp Sound T p h s CV Cp Sourd
Pressure 1 atm. Pressure 10 atm.
*63.171 30.98  -4209. 63.01  26.7% 54.68 1325, *63.371 30.63  -4176. 63.06 27.32  54.62 131
65 30.73  -4107. £€9.59 27.75 55.77 1247. 65 30.77 -4056. 59.46 28.16 55.55  124%
70 30.02  -3824. 73.78 28.53 5717 092, 70 30.67 -3805. 73.64 28.90 56.91 1082
75 29.25  -3537. 77.75 282  57.63 983. 75 29,31 -3519. 77.5 28.45 57.33 98%,
*77.347 28.87  -3402. 79.53 27.82 57.8 839. 80 28,57 -3231. 81.29 27.77 57.6% ees.
*77.347 0.1647 2163, 151.54  21.59  31.45 175. 90 26,72 -2648. . 88.16 26.73 59.44 752,
80 0.1585 2246, 152,59 21.48 317 178. 100 24,64 -2032. 84.64 26.23 64.2% 617.
90 0.1392 2553, 156,22 21.20 30.44 190. *103.937 23.65 1773, 97.19 26.15 67.9¢ 562.
100 0.1243 2856. .159.40 21.05 30.02 202. *103.937 1.492 2456, 137.97 4.2  45.25 183.
150 0.08173 4336. 171.8% 20.84 29.36 249, 150 0.8643 4120, 151.27 21.37 3247 263.
200 0.06107 5799, 179.83 20.80  29.22 288, 200 0.6228 5674 . 160.22 20.6%  30.33 287
300 0.04063 8717. 191.66 20.80 29.15 353. 300 0.4069 8650. 172.34 26,86 29.%7 355
400 0.03045 11635. 200.06 20.91  29.25 408, G00 0.3033 11628, 180.82 20.95 29.46 413
600 0.02030 17554, 212.05 21.76 30.08 496, 600 0.2022 175%4. 192.87 21.78  30.16 493.
800 6.01523 23698, 220.87 23.07 31.38 569. 500 0.1517  23716.  201.7v  23.08  31.43 571,
! 1000 0.01218 30103, 228.02 24.32 32.63 631. 1000 0.1214 30121. 208.86 24.33  32.65 633.
1600 0.007615  50493. 243.54 26.71 35.02 789. 1600 0.07568 50519, 224.80 26.71 35.03 79%.
2000 0.006092 64€78. 251.85 27.52  35.84 879. 2000 0.05082 64706, 232.71  27.52 35.84 281.
Pressure 40 atm. pressure 100 atm.
*64.035 31.03  -4068. 63.22 29.05% 54.38 1271, *65.346 3,12 -3830. 68.56 31.87 .53.82
€5 30.91 <4015, - 69.04 29.47 54.86 1235,
70 30.25  -3737. 73.16  30.05 56.11 109, 70 30.57  -3597. 72.30 32.03 54,73
75 29.53  -3455. 77.05  29.45 56.40 993. 75 29.93  -3323. 76.09  31.14 54.85
&0 28.77 -3173. 80.69 28.64 56.55 9i4d. - 80 28.25 -3Gi9, 79.63  30.08 54.8)
90 27.12  -2604. §7.40  27.37 57.59 781, 90 27.80  -2500. £6.09 28.41 55.07
100 25.26  -2015. 93.59 26.68  60.49 662. 100 26.22  -1934, 91.94 27.41 56.23
150 4.416 3223,  135.33 z3.86 52.84 227 150 15.03 1347,  118.29 25.58 75.33
200 2.653 5246. 147.08  21.61 35.01 256 200 7.217 84426, 136.27 22.68 45,72
300 1.63 8481. 160.25 1.06  30.95 361. 300 4.049 8168. 151.60 21.3 33.43
400 1.203 11526, 169.02 21.06  30.14 418. 400 2.935 11329, 160.88 21.26  31.37
600 0.7984 17557. 181.24  21.84  30.43 507. 600 1.942 17575, 173.43  21.95 30.91
800 0.5997 23751, 140.14 23.12  31.56 579. 800 1.464 23840, 182.43 23.20 31.8
1000 0.4808 30183. 197.31 24.35 32.74 640, 1000 1,177 30311,  189.65 24.41 32.88
1600 0.3018 50607. 213.27 26.73  35.05 797. 1600 0.7483 50784, 205.64 26.75 35.09
2000 0.2419 64800, 221.18 27.53 35.85 886. 2000 6.5980  64939. 213.56 27.56  35.87
Pressure 400 atn. Pressure 1000 atm.
*71.613 31.69 -2757. 70.38 37.20 49.80 1155, *82.997 32.85 -640. 73.42  33.68 41.5 1285
75 31.41  -2589. 72,63 35.83  49.59 118, 85 32.74 -557. 74.41  23.07  41.72 1277
80 30.97  -2342. 75.87  33.92  49.39% 1075, .
90 30.01  -1848. 81.63 31.07 49.29 1012, 90 32.45 -346. 76.81  31.87 42.40 1253,
100 28.95  -1355. 26.87 29.35 48.30 §59. 100 31.80 85. 81.36 30.39 43.93 1225,
150 23.74 1095. 106.76 25.88 48.35 7328. 160 28.23 2336. 99.61  27.75 44.62 1072.
200 138.07 3441,  120.28 25.05 45.23 612. 200 25.29 §502. 112.09 26.05 41.9% g3,
300 12.96 7594, 137.21 22.4%  38.27 547. 300 20,42 8475, 128,25 23.96  37.84 845,
400 9.807 11215, 147.66 22.01  34.64 561, 400 17,38 1215y, 128.79  23.09  35.5) 837.
600 6.741  17866. 161.17 22.41  32.55 620. 600 13,03 .19070. 152.76  23.09  33.74 819
800 5.204 24379. 170.53 23.52 32.76 676. 300 10.55 25740, 162.44 24.01 33.71 35,
1200 3.614 37769, 184.C3 25.60 34.20 776 1200 7.742 39423.  176.29  25.91  34.74 (s
Pressure 4000 ata. Pressure 10,000 atm.
*127.569 36.51 8766. 20.65  29.12  33.62 1250, *191.60% 40.76 25634, 87.49 30.22 31.52 2405,
150 35.83 9600. 26.06 31.96 40.00 1771,
200 34,22 o, 98.18  31.97  42.70 1465, z200 40.63  25906. e8.87 31.30 33.19 2374,
300 31.32 15722, 114,75 28.55  38.638 1566. 3060 3901 29713, 104,22 32.6%9 349.87 2214,
400 29.01 19507, 125.438  26.45  36.14 1511, 400 37.26 32624, W5.4 29.92  3_.OL a7z,
600 25.43  2653%. 139.75 25.14  34.63 1450, 600 34.45 640532z, 130.36  27.37  35.05 214,
800 22.70 33672, 149.73  25.47  36.87 1422, 800 32,09 ABGEG. 140,57 27.06  35.5% 2V(a.
1000 20.53 40501, 157.87 26.17 35.42 1413, 1006 30,09 55219, 148.58 2741 3612 20¢ez,
1200 08.76  47640.  164.07  26.84  35.54 1415, 1200 28.%5 2516, 155.23  27.86 36,73 20¢a.

% Phase change.
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VI. SUMMARY TABLES--continued- [These tables are included as a check for 28
those preparing computer programs using the equation of state (1) with coeffi-
cients from Table I for the calculation of thermodynamic preperties.] |

THERHBODYRAMIC PROPERTIES OF OXYGENR

{T in degrees K, P in atm., p in mol/liter, h in J/mol, s in J/{mol K}, Cv in 9/ (ot kY, Cp in J/(ro1 K}, Vel. Sound in M/sec]

vel, Yel.

T e h s G s Cp Sound T p h s & Cp Sound
Pressure 0.10 atm. Pressure 1 atm.

*54.360 40.87  -6179. 67.18  31.92 53.42 1271, *54.371 40.68  -6170. 67.19  31.95 53.43  127%.

60 40.07  -5875. 72.50  33.3¢  53.90 177, 60 40,07 -5873. 72.49  33.35 53.20 1177.

70 38.65  -53+2. 80.72  21.61 52.81 1078, 70 38.65 -5340, 80.72 31.62 52.83  1078.

®72.770 38.25 -5196. 82,77 31.07  52.67 1055, 20 37,21 -4813. §2.75 29.93 52.71 G35,

*72.770 0.01686 2097. 182.96 21,02 29.58 162, G0 35.69  -4282. 94,00 28.85 53.53 914,

80 0.01531 3. 185.76  20.94 29,43 170. *30.188 35.65 4272, 94 .11 28.83 53.¢% ga12.

30 0.01359 2604, 189.21 20.88  £9.31 183, *90.188 0.1359 2538. 166.59 21.69 31.30 178,

100 0.01222 2897. 192.30 20.85  29.24 150. 160 0.1249 2891 . 172,78 21.35  30.53 1€8.

120 0.01017 3481, 197.62 20.82 29.18 209. 120 0.1030 3444, 178.27 21.03  25.82 207.

140 0.00873 4084,  202.12  20.8Y  29.15 226, 140 0.C3784 4037. 182.85 20.92  29.%22 285,

160 0.007621 4647, 206.01  20.81  29.14 27, 160 0.07683 4626. 186.73 20.86  28.33 24,

200 0.006095 5813,  212.51  20.82  29.14 270. . 200 0.06112 5768, 193.32 20.84 - 29.27 259,

250 0.004876 7271, 21%.062 20.89 29.21 301, 250 0.04831 7261,  199.85 20.90 29.23 3301,

300 0.004062 8736, 224,36 21.07  29.39 330. 360 0.04065 8729. 205.20 21.08  29.44 330,
Pressure 10 atm, Pressure 20 atm.

54,475 40.8% -6153. 67.21 32.19 63.48 267 . *54.591 40.91 -6127. 67.23 32.46 53.23 1282,

60 40,10 -5855, 712.41 33.48 53.88 1177. 60 40.14 ~5835. 72.32  33.62 52:85 1177,

70 38,70 ~5322. . 80.63 31.71  52.74 1080, 70 38.74  -~5303. 80.53 31.8)1 52.€8 1(32.

80 37.26  -4796. 87.65 30.00 52.02 999, 80 37.31  ~4778. 87.54 30.08° 52.51 - 10C2.

90 35.75  -4267. 93.89 28.91  53.44 918. 80 35.82  ~4249. 93.77 28.98 53.28 . 922.

100 34,15 3725, 99,53  ?8.17 54.97 832. 100 34,2 ~3710. §9.45 28.23 54.72 €39,

*115.848 30.47 -2580. 110,02  27.13 61.65 642, 120 30.60 ~ 2565, 109.87 +27.15 60.83 652.

#119.849 1.220 2085, 156.44 24,06 41.13 189. *133.019 27.44 <1710, 116.62 . 26.87 72.8) 502.

120 1.247 2991,  156.49 24.04 41,04 189. *133.019 2.514 2052, 151.67 25.83  54.¢3 186.

140 0.9637 3733.  162.22 22.18 34.52 214, 140 2.225 3350,  154.22 24.35 45.98 199.

160 0.8126 4397. 166.66 21.52  32.20 234. 160 . 1.756 4110, 159.64 22.42  36.95 225,

200 0.6234 5649. 173.65 21.08 30.63 266. 200 1.299 5675, 167.27 21.37 32.33 253.

250 0.494) 7161, 180.40 21.02  30.01 300. 250 h. 002 7049. 174.30 21,14 30.¢ 300.

300 0.4086 8658. 185.86 21.16  29.90 330. 300 0.8220 8579. 179.89 21,24  30.43 330.
Pressure 40 atm. Pressure 100 atn.

*54.823 40.94  -6074. 67.29 32.96 53.63 1254, *55.512 4Y.046 5917, 67.45 34.28 53.8% 1224,

60 40.21  -5795. 72.15  33.89  53.81 1177, 60 40,43  -5675. 71.66  3G.66  53.70 1178.

70 . 38.83 -5264. 80.35 32,00 52.55 1985, 70 39.09  -5146. 79.80 32.52 52.2)  1CSs.

80 37.42  -4740. 87.33 30.23 52.32 1008. g0 37.73 4827, 86.73 30.66 51.79 106,

90 35.95  -4214. §3.53 29.12 52.98 931. el¢} 36,34 -4107. 92.85 29.51 52.22 - 936.

100 34.41 ~3679. 99.17 28.36 54.25 850. 100 34.89 -3581. 98.39 28.73 53.30 £23.

120 30,92  -2551. 109.44 27.22 59.30 675, 120 31.73  -2692.  108.31  27.50  56.35 730.

140 26.04 ~1229. 119.5%9 26.80 78.05 455. 140 27.92  -1310.  117.41  26.52  63.% 564 .

*148.990 21.74 -343. 125.71 28.16 149.59 299,
*168.990 6.206 2623, 144.27  29.62 152.71 178,

150 4.392 335Y.  150.31 25.23 55,65 206, 160 22.47 118, 126.92 26.30 84.22 332.

200 2.780 5102, 160.17  21.9%  36.90 257, 200 8.826 3209, 147.66 24,02  61.30 250.

250 2.060 £820. 167.85 21.39 32.76 299. 250 5.536 6134, 153.12 22.04  38.2Z3 305.

300 1.662 g422., 173.69  21.40  31.83 332. 300 4.263 7967. 164.82 21.82 34.30 360.
Pressure 200 aim, Pressure 350 atm,

*56.648 41.2)  -5655, 67.73 35.91  54.01 1212, *58.319 41.48  -5262. 63.17  37.40  53.%% 1199,

60. 40.77 -5474, 76.83 35.75 53.58 1140, 60 41.27 -5177. 65.70 37.07 53.53 11es.

70 39.50  -4948. 78.94  33.27  51.75 1113, 70 40.07  -4049. 77.76 3417 51.23  11:i3.

80 38.22  -4435, §5.60 31.29 51.09 1053, 80 38.88  -4142. 84.53 32.0% 50.31  1090.

90 36.92  -3924, 91.82 3011 51.25 991. 90 37.68  -2640. 90.45 30.90 50.23 1C37.

100 35.58  -2409. 97.24 29.3 51.74 927. 100 36.48 - -3130. 95.75 30.13  50.i2 @32,

120 32,80 -2361. 106.79 28.06 53.20 798, 120 34,03 -2123. 104.98  28.53  50.%26 e73.

140 29.75 -1275., 15,16  26.90  55.59 670. 140 31.%2 <1102, 112.86 27.78 51.33 770.

160 26.29 =127, 322.81 5.87  59.37 549, 160 28.92 -69.  119.75  26.63  51.91 677.

200 18.26 2393, 136.85  24.34  64.03 380. 200 23.57 2020, 131.40  26.87 5217 536.

250 11.48 5192, 149.41  22.77  47.01 349, 250 17.75 4541, 142,67 23.54  47.58 456,

300 8.553 7339, 157.26 22.36  39.%4 370. 300 13.¢8 6700. 150.89 23.07 42.% 440,

*phase change.
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